Nine years of total ozone measurements from the Total Ozone Mapping Spectrometer (TOMS) on Nimbus 7 are used to study the evolution of the southern hemisphere total ozone field during the breakdown of the Antarctic circumpolar vortex. The TOMS data provide detailed maps of the morphology of the ozone field and reliable estimates of the vertically integrated meridional transport of ozone during the springtime period when the breakdown occurs (September, October, November). In estimating the ozone transport, chemical effects, including those thought to be responsible for the Antarctic ozone hole, are neglected. This approximation appears to be valid for times scales of a few days to a week. On this time scale, local ozone changes are primarily due to transport. Planetary-scale waves, especially zonal wave numbers 1 and 2 dominate the eddy variance and ozone transport. Wave number 1 is quasistationary, while wave number 2 is eastward moving with a period of--•10 days. Before the breakdown the planetary-scale waves transport ozone poleward (equatorward) as their amplitude increases (decreases). During the vortex breakdown and filling of the ozone hole, when poleward ozone transport is large, planetary wave amplitudes generally decrease.
INTRODUCTION
The seasonal cycles of total ozone in the northern and southern hemispheres are quite different (Dobson, 1966 With the exception of the photochemical destruction within the ozone hole, which at present is thought to be confined to the southern hemisphere, the north-south asymmetry in total ozone must be largely dynamic in origin, since the radiative forcing is nearly symmetric in the two hemispheres [Shine, 1987; Andrews, 1989 ]. This view is supported by the hemispheric asymmetry of the zonal wind field. Figure 1 shows the annual evolution of the 30 mbar climatological zonal-mean zonal wind at 68.9øN and 73.3øS, the two points in Randel's data set closest to 70 ø N and S latitude. The time axis has been shifted 6 months between the hemispheres to facilitate comparison. By April the zonal-mean wind in the northern hemisphere has nearly completed the transition from winter to summer regimes, with easterlies at 30 mbar and above. In contrast, in the southern hemisphere the zonal wind is still strongly westerly in September and October, and easterlies do not descend to 30 mbar until December.
The differences between the evolution of the zonal-mean flows in the two hemispheres are largely the result of differences in forcing by eddies [Leovy et al., 1985; Andrews, 1989] . The southern hemisphere wintertime eddy forcing is weaker, delaying the wind reversal --•2 months compared to the northern hemisphere. Randel [1987a Randel [ , 1988 . Farrara and Mechoso [1986] , and Mechoso et al., [1988] have studied the behavior of stratospheric waves and the mean flow in the southern hemisphere during the vortex breakdown period. The observations show that the stratospheric wave field is dominated by zonal wave numbers 1 and 2. Wave number 1 is typically quasistationary, while wave number 2 is eastward propagating. The waves propagate upward in bursts from the upper troposphere and dissipate in the middle to upper stratosphere. The level of dissipation moves downward as the spring season progresses and the easterlies descend [Randel, 1987a] . Mechoso et al. [1988] showed that the jet decelerates and descends in conjunction with the bursts of increased eddy fluxes in the stratosphere. Not all of the wave episodes could be traced back to tropospheric origin, however, suggesting the possible importance of local, nonlinear interactions. gradient would not produce a change in the zonal mean. To the extent that the boundary between the low and high ozone regions is a material line, however, no ozone has been transported into or out of the region of low ozone, though the shape of the ozone minimum may become quite distorted. Propagation of wave disturbances out of the lower stratosphere tends to return the vortex and the ozone distribution to zonal symmetry. Two situations are commonly observed upon the return of the ozone field to approximate zonal symmetry. In the first case the area of the ozone minimum is unchanged, suggesting that the boundary has in fact behaved like a material line, and the Eulerian transport was completely reversible. Observations from the Antarctic Airborne Ozone Expedition (AAOE) [Proffitt et al., 1989; Hartmann et al., 1989 ] suggest that during much of the spring season there is little horizontal exchange of air across the boundary of the vortex, and the boundary in fact behaves as a material line. In some cases, however, the area of the ozone minimum decreases, suggesting that irreversible mixing of ozone has reduced the size of the ozone minimum. During the late spring, when the polar vortex is breaking down, the area of low ozone values shrinks rapidly and eventually disappears. Tuck [1989] , also using AAOE data, has argued that there is considerable mass flow through the polar vortex as a result of both horizontal mixing and diabatic descent. This paper describes episodes of both reversible and irreversible transport, presents yearto-year variations in the ozone transport, and discusses the role of planetary-scale waves in ozone transport and the filling of the ozone hole. As an example, the four peaks in eddy amplitude from late September to late October of 1983 have corresponding episodes of poleward and equatorward transport. The exception is the final maximum near November 1, when decreasing wave amplitude is accompanied by continued poleward transport into early November.
The maximum in the eddy standard deviation tends to move poleward from ----60øS in September to -70øS in November before decreasing in amplitude. This poleward motion parallels the poleward and downward motion of the jet noted by Mechoso et al. [ 1988] associated with bursts of upward propagating planetary-scale waves.
The actual filling of the polar vortex can be seen best by examining the area of the polar ozone minimum (bottom panels in Figures 8a-8i) . Ozone values at high latitudes typically decrease in September, which is seen in Figure 8 as increasing areas of low ozone. At the same time the area of high ozone values around the outside of the vortex also usually increases, increasing the meridional ozone gradient. This steepening of the meridional gradient is also seen in the climatological monthly mean maps (Figure 4) . During October, ozone areas are roughly constant, with the disappearance of low ozone values typically occurring in November.
The evolution of the ozone area in 1983 was typical. There is a slight decrease in the area of low ozone values in October, probably caused by the blobs of low ozone air being stripped out of the vortex. This is followed by a much more rapid decrease in early November.
Because the poleward transport of ozone during the period of wave growth is cancelled by equatorward transport during the period of wave decay, the eddy ozone transport during October usually has little permanent effect on the area of the ozone minimum, although most years show a slight decrease. The low ozone values (<300 DU) within the polar vortex are unaffected by the wave events of October, but the area with values less than 300 DU decreases rapidly in late November, even though at this time the planetary waves in the ozone field are weakening. As was seen above in the These results can be used to contrast the annual cycle of ozone transport in the southern and northern hemispheres. The annual cycle of ozone in the extratropics is the result of poleward and downward transport of ozone from the photochemical region by the diabatic circulation and planetaryscale waves. The differences between the annual cycles of the two hemispheres are due to differences in the dominant mode of transport and the timing of circulation changes. Stronger wave activity at high latitudes in the northern hemisphere tends to drive the Arctic stratosphere further from radiative equilibrium than is the case in the Antarctic [Shine, 1987; Andrews, 1989 ]. The result is a stronger diabatic circulation in the northern hemisphere, as well as greater wave transport of ozone. In consequence, the annual cycle of ozone is larger in the northern hemisphere than in the southern. In the Antarctic, by contrast, the weaker wave activity during winter means that the stratosphere is closer to radiative equilibrium, and the diabatic circulation is weaker. Therefore there is little transport of ozone into the polar region during the winter by either the diabatic circulation or by waves. Unlike the northern hemisphere, ozone accumulates in middle latitudes of the southern hemisphere during the winter, not at the pole. When the stratospheric circulation above Antarctica weakens in spring as a result of radiative heating and wave forcing, the wave activity increases at high latitudes and interactions between the waves and the zonal-mean flow produce rapid changes in the jet. The region of ozone mixing associated with the wave events descends into the lower stratosphere and replaces low polar ozone values and high mid-latitude values with intermediate values in the space of one to two months. The rapid rise in total ozone during the Antarctic springtime is much faster than chemical production times in the lower stratosphere and is clearly the result of transport of ozone from lower latitudes and higher levels. In fact, photochemical processes are actually destroying ozone within the polar vortex, at least during the early spring, so the rise must be attributed to transport. Finally, the vortex breakdown marks the end of the Antarctic ozone hole and the return of Antarctic ozone to near normal levels, as the anomalous ozone destruction with the vortex ceases.
